The ostrich (Struthio camelus), the largest living bird, is farmed intensively worldwide. However, despite the importance of understanding embryonic development in the ostrich for successful egg incubation practice, little is known about it. Using the chicken model for scaling is currently a common practice in estimating age in ostrich embryos.
INTRODUCTION
The ostrich (Struthio camelus) is the largest living bird, with males reaching a height of up to 2.75 m and weighing up to 150 kg. The species consists of five subspecies, four of which are extant and can be found in the wild in Africa (Bertram, 1992) . The fifth, S.c. syriacus, formerly inhabited Saudi Arabia and the Middle East before becoming extinct in the mid-1900s (Bertram, 1992 ). Man's interest in ostrich products dates back to 3000 BC (Laufer, 1926) . Ostrich farming prospered in South Africa in the 19th century, but the industry suffered a decline early in the 20th century (Deeming, 1993) . Since the mid-1980s, ostrich farming has spread from South Africa to Namibia, Zimbabwe, Israel, Europe, Australia, and the United States (Deeming, 1999) . The domesticated ostrich (S.c. var. domesticus) is a hybrid, mainly of the South African (S.c. australis) and the North African (S.c. camelus) subspecies.
Ostrich nesting behavior is unique, with both the major and minor hens laying eggs in the same nest. However, egg incubation is carried out exclusively by the male and major hen (Bertram, 1992) . The incubation period in the wild lasts 39-42 days, and the hatchlings are precocial (Sauer and Sauer, 1966; Siegfried and Frost, 1974; Swart et al., 1987; Bertram, 1992) .
Embryonic development is a continuous process, although described by fixed stages for convenience (Hamilton, 1952) . Hamburger and Hamilton (1951) described the embryonic development of the chicken (Gallus gallus) as a series of consecutive rather than chronological stages throughout development. This accounts for the variation between embryos of the same chronological age, which may result from factors such as differences in physical conditions of incubation, embryonic stage when incubation commences, and genetic variation among embryos. These influences are most pronounced during the early stages of development (Hamilton, 1952) .
The first half of embryonic development is characterized by the formation of new structures, with the rest of the development characterized mainly by their growth. Consequently, the various stages during the second half of incubation can be described by morphometric measurements of various structures (Hamilton, 1952; Ancel et al., 1995) .
The embryonic stages of the chicken embryo described by Hamilton and Hamburger (1951) have served as a reference for other, unstudied avian species. This is of particular convenience regarding the ostrich embryo since its embryonic development is exactly twice that of the chicken (42 days vs. 21 in the chicken).
However, recently found differences between embryonic development of the two species (Deeming and Richardson, 1996) necessitate examination of the true resemblance in their developmental pattern.
MATERIALS AND METHODS
Forty fertile ostrich eggs were obtained from the commercial hatchery of Zemach Ostriches Ltd., on Kibbutz Ha'on, Israel. The eggs were collected daily and stored for up to seven days at 16 °C and 50% relative humidity (RH) before incubation was initiated at Tel Aviv University. Upon arrival, eggs were weighed to the nearest 0.01 g (Sartorius, 1518 MP8), and placed in incubators (Victoria, V-34) at 36.5 ± 0.1 °C and 25 ± 2% RH. The eggs were turned automatically once an hour to ±45°.
Eggs were measured for their oxygen consumption rates and air cell gas composition before being opened for photography and inspection every second day, from day 4 through 40 of incubation. The embryos were then removed from the eggs, blotted dry, and weighed to the nearest 0.01 g (Sartorius, 1608, MP6), after which they were examined for morphological changes based on the characteristics outlined by Hamburger and Hamilton (1951) . Morphological changes of the limbs, eyes, and integument were monitored throughout the first half of the incubation period, and were supplemented by morphometric measurements during the last three weeks of incubation. These included the lengths of the embryo, the beak (from the anterior angle of the nostril to the tip of the upper beak), the long toe (from the metatarsal joint to the tip of the claw), and the wing (from the elbow to the tip of the second digit). Morphometric measurements were carried out with a caliper (±0.1 mm). On days 28-40 of incubation, total length and wing length of the embryos were measured with a ruler (±0.5 mm). Values for each embryo represent an average of measurements on both left and right limbs, and distances from both nostrils to the tip of the beak.
Embryos from eggs incubated for 4-18 days were fixed for one week in Bouin's solution immediately following photography, and then kept in 70% ethanol before examination. This resulted in shrinkage of the embryonic tissues, necessitating correction of measured values. This was done using embryos aged 20-30 days, which were measured before and after the fixation procedure in order to calculate the appropriate correction factor.
Morphometric parameters measured throughout incubation were regressed on embryonic age using the least-squares method on Statistica for Windows, version 5.
Equations for the inverted relations-the estimation of embryonic age based on various morphometric measurements-were formulated using Simfit software.
RESULTS
Figure 1 presents photographs of embryos from day 4 of incubation until hatching. Table  1 presents some of the quantitative parameters measured every second incubation day, and the number of embryos used for measurements on each day. Additional descriptive comments are listed below:
No blood vessels, but blood islands are visible within an area vasculosa of ca.10 mm diameter. Embryonic flexures visible and optic vesicles are present.
DAY 6
The diameter of the sinus terminalis-ca. 29 mm.
DAY 8
Allantoic sac diameter is about half the embryonic length. Maximal embryonic flexure. Marked eye pigmentation.
DAY 10
Allantoic sac diameter equals embryonic length. Embryonic flexure opened compared to day 8. Digital and toe plates are distinct, but without demarcation of digits. Mandible is much shorter than maxilla.
DAY 12
Allantoic sac diameter is double that of embryonic length. Notable lengthening of the neck compared to day 8. A faint groove demarcating the two toes. Inner (III) toe is evidently longer. Wing bent at elbow. Second digit is longer than the others, and thus gives the digital plate a pointed contour. Lengthening of maxilla. Mandible is half the length of maxilla. Initiation of eyelid development.
DAY 14
Further lengthening of the neck, compared to day 12. Distinct grooves between the two toes and the three digits. Mandible almost reaches the tip of maxilla. Nostrils are visible. The nictitating membrane is first seen in the anterior angle of the eyeball. Eyelids begin to cover the eyeballs. The number of scleral papillae was 5 in one specimen and 11 in the other.
DAY 16
Differential growth of the toes and digits is evident, with the second digit and third toe clearly longer than the others. Mandible approaches the tip of the beak, but there is still a gap between them. Eyelid growth results in an ovoid aperture between them. The number of scleral papillae is 14-15, and thus forms a full circle. Feather germs are evident on the dorsal side of the embryo along the mid-dorsal line, extending from the base of the tail to the wing level. A covering layer is visible on the tip of the beak.
DAY 18
Claw buds are seen at the tip of the toes and digits. Rudiment of a medial toe (II) is visible. The maxilla protrudes beyond the mandible. Nictitating membrane reaches the adjacent scleral papillae. The scleral papillae undergo degeneration. Feather germs are seen on the tail, head, and ventral side of the embryo. An area devoid of feather germs extends along the ventral midline, widening around the umbilical cord and sternum. The thin layer covering the beak extends towards its base.
DAY 20
The medial toe has disappeared. Eyelids have covered the eyeballs and reached the adjacent scleral papillae. Nictitating membrane covers 1/3 of eyeball. Feather germs are evident on edges of eyelids. The area devoid of feather germs on both sides of the ventral midline is narrower. The thin layer covering the beak is merged with the maxilla.
DAY 22
Scales appear on upper side of leg, from metatarsus to tip of main toe. First feather germs on forearm are evident, while those on upper arm have increased in length markedly. Several lines of feather germs appear on eyelids. First signs of feather pigmentation.
DAY 24
Beak pigmentation is evident. Further covering of the eyeball by the eyelids. Feather pigmentation has spread to the neck and head feathers.
DAY 26
Leg bent at metatarsal joint. Opening between eyelids reduced to a narrow slit.
DAY 28
Eyelids cover entire eyeball. Clear pigmentation of metatarsus. Linear regression equations for various morphometric parameters on embryonic age are summarized in Table 2 . However, the relationship between beak length and incubation age is best described by the following second-degree polynomial equation:
Beak length = -13.70 + 1.246 (incubation time -0.014) (incubation time) 2 ; r 2 = 0.95, where beak length is given in mm and incubation time in days (Ar and Gefen, 1998) .
DISCUSSION
A detailed morphological description of embryonic development of any avian species is the first step and an important tool for comparative studies. It can also be used in pathological research, and in daily practice at commercial hatcheries, when attempting to attribute mortalities to various developmental stages. Ar and Gefen (1998) compared the appearance of certain morphological structures in the ostrich embryo with that described for the chicken by Hamburger and Hamilton (1951) .
Generally speaking, the description of the chicken's embryonic development appears to offer an effective tool for determining the embryonic age of the ostrich. Events such as initiation of allantoic sac development and the appearance of nostrils and feather germs occur at exactly the same relative time in both species. Other morphological structures appear to occur at different percentiles of incubation time, such as the demarcation of digits and toes, appearance of the nictitating membrane, and the formation of scales on the legs (Ar and Gefen, 1998) . However, the apparent differences in timing of several developmental stages observed between the two species may be the result of the present study being based on a limited number of observations for each embryonic age observed, and the fact that these were on alternate days. Thus, the stages of ostrich embryonic development described here can serve as a guideline with precaution.
Unfortunately, the much larger sample of eggs for each embryonic age, necessary for a more detailed and reliable description, was not available. Table 1 presents the morphometric changes that occur with increasing embryonic age. These processes provide researchers with a tool for staging embryonic development during the second half of embryonic development. The high r 2 values for the equations that describe the growth of the embryo and some of its organs (Table 2 ) enable accurate evaluation of the embryonic age based on morphological traits. The use of inverted relations (Fig. 2 ) permits good evaluation of embryonic age at an incubation temperature of 36.5 °C. Measurements of more than one of the organs may result in an even more accurate result. Figure 3 shows the changes in the relative lengths of the beak and leg in both the ostrich and chicken (as percentage of those of the respective hatchlings) throughout the course of incubation. Incubation time is also plotted as percentage of total incubation period to allow comparison between the two species, which have different incubation periods. While the course of beak development in both species is similar (Fig. 3a) , there is a persistent difference in the relative leg length of the two species for 90% of incubation time, with the ostrich embryo's leg being relatively shorter (Fig. 3b) . This is in accordance with the increase in relative embryonic dry mass of the two species, as reported elsewhere (Ar and Gefen, 1998) . We conclude that the appearance of several structures during the course of embryonic development of the ostrich differs temporally compared to the chicken model. However, larger egg samples are needed for more detailed comparative statements. This study provides a tool for accurate determination of the embryonic age of the ostrich, when incubated at 36.5 °C. 
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